Abstract: Pine pitch canker (PPC) is a major threat to pine forests worldwide because of the extensive tree deaths, reduced growth, and degradation of timber quality caused by it. Furthermore, the aggressive fungus responsible for this disease (Fusarium circinatum) can also infect pine seeds, causing damping-off in young seedlings. This study proposes an approach based on coating treatments consisting of natural products to ensure seed protection. Seeds from two pine species (the most sensitive to this disease, Pinus radiata D. Don, and a more resistant one, Pinus sylvestris L.) were coated with single and binary mixtures of low and medium molecular weight chitosan and/or ethanolic-propolis extract. The germination rate, pre-and post-emergence mortality, total phenolic content, and radical scavenging activity were assessed. All treatments, and especially the one based on chitosan oligomers, had a beneficial impact on P. sylvestris seedlings, significantly enhancing survival rates and displaying a positive influence on the total phenolic content and on the seedlings' radical scavenging activity. Conversely, non-significant negative effects on germination percentages were observed in the case of P. radiata seeds. The proposed treatments show promise for the protection of P. sylvestris seedlings against PPC.
Introduction
Fusarium circinatum Nirenberg & O'Donnell is a quarantine fungus according to the European and Mediterranean Plant Protection Organization (EPPO) [1] that causes pine pitch canker (PPC) and which has been deemed as one of the most damaging pathogens for Pinus spp. throughout the world [2] . In forest nurseries, F. circinatum causes pre-and post-emergence damping-off, wilting of seedlings, shoot and tip dieback, and it finally leads to the death of the infected seedlings [3] . F. circinatum can be found in nurseries of North and South America, South Africa, Asia, and Southern Europe [4] . The use of seeds from orchards poses a serious threat of spread of this fungus to nurseries Table 1 . Provenance of plan material.
Seed Species Provenance Provided by
Pinus radiata (Monterey pine) "Galicia montañas meseta Interior"
Consellería do Medio Rural (Xunta de Galicia, Spain)
Pinus sylvestris (Scots pine) "Sierra de Guadarrama" (Spain) El Serranillo Nursery (Ministry of Agriculture and Environment, Spain)
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Seed-Coating Preparation

Reagents
In order to obtain the coating material, medium molecular weight chitosan powder, purchased from Hangzhou Simit Chemical Technology Co. (Hangzhou, China), and propolis with a content of poly-phenols and flavonoids of ca. 10% (w/v) from Burgos (Spain) were used. High specific surface (70-85 m 2 /g) halloysite in powder form, from Dunino mine, with reduced iron content (ca. 5%), was purchased from Intermark (Gliwice, Poland). All other reagents (viz., acetic acid, hydrochloric acid, hydrogen peroxide, ethanol, Tween 80, Folin-Ciocalteu reagent, 2,2-diphenyl-picrylhydrazyl, etc.) were of analytical grade and were purchased from Sigma-Aldrich Química S.L. (Madrid, Spain).
Preparation of the Seed Coating Solutions
Due to differences in viscosity, and therefore in the adhesion to the seed surface, chitosan with two different molecular weights was assessed. The medium molecular weight chitosan (CM MW 60-130 kDa) was prepared by dissolving 2 g of commercial chitosan in 100 mL of acetic acid solution (1% v/v) under constant stirring at 60 • C for 2 h until its complete dissolution. To obtain the low molecular weight chitosan (CL MW 20 kDa), it was necessary to add hydrogen peroxide (0.3 M) to the chitosan solution obtained in the previous step, keeping the same conditions until a brown and less viscose solution was obtained after 1 h [44] . Propolis ethanolic extract (PEE) composites were prepared by introducing the finely grinded resin into a hydroalcoholic solution (7:3 v/v). After stirring for 72 h at room temperature, the insoluble particles were filtered [45] .
To obtain the first composite (CM MW -PEE), Tween 80 was added dropwise to a 10 mg·mL −1 chitosan solution, followed by the addition of 1 mg·mL −1 of propolis solution. The mixture was sonicated with a probe-type UIP1000hdT ultrasonicator (Hielscher, Teltow, Germany; 1000 W, 20 kHz) for 3 min in cycles of 1 min with sonication and 1 min without sonication to keep the temperature below 40 • C [37] . To obtain the second composite (CL MW -PEE), a similar process was followed, albeit replacing Tween 80 with halloysite, a natural clay innocuous to seeds and fungus. Halloysite was added to the less viscous solutions (CL MW , PEE and CL MW -PEE) in order to improve their adherence to the surface of the seeds.
Seed Coating Application
Prior to coating application, seeds underwent the following pre-germination procedure according to Martín-García et al. [40] : they were initially soaked in water for 24 h (renewing the water after 12 h), followed by soaking in hydrogen peroxide (3%) for 15 min, triple-washing with sterile distilled water, and an immersion in sterile distilled water for another 30 min (in order to clear away any remaining hydrogen peroxide). Subsequently, the seeds were placed in a laminar flow hood in order to dry them.
Six treatments were applied: (1) Control (sterile water), (2) CM MW , (3) CL MW , (4) PEE, (5) CM MW -PEE, and (6) CL MW -PEE. Halloysite (1 g to 100 mL of solution) was applied in treatments 3, 4, and 6. Then, the seeds were dried again to form a film on their surface ( Figure 1 ) and were kept in sterile flasks until sowing. Seventy seeds (replicates) of each pine species were prepared per treatment (i.e., a total of 840 seeds). 
Pathogenicity Tests
Following the procedure presented in Martín-García et al. [41] , a spore suspension of F. circinatum (Fc) was cultured on potato dextrose broth (PDB). Five mycelial agar plugs (5 mm in diameter) were added to 1 L of PDB and were placed on an orbital shaker at 180 cycles for 24 h at 25 °C. After that, the liquid medium was filtered twice through sterile cheesecloth to remove hyphae and the spore concentration was adjusted to 1 × 10 3 spores·mL −1 with a Neubauer hemocytometer.
Seventy seeds per each type of coating (plus 70 without coating) and per pine species were individually sown in germination trays (96 mL) containing a twice-autoclaved (105 kPa, 120 °C, 30 min) mixture of peat and vermiculite (1:1, v/v). For half of the seeds with each type of coating, the spore suspension of F. circinatum was added to the substrate when the seeds were sown. The other half of the seeds were mock-inoculated with sterile distilled water. Thus, the experimental design consisted of twelve treatments:
Incubation of the germination trays was conducted in a growth chamber under controlled conditions (temperature: 21.5 °C; photoperiod: 16/8 h light/dark). They were watered every two days, with equal water doses, all over the period of study. Seed germination and subsequent seedling mortality were monitored on a daily basis.
Determination of Total Phenolic Content (TPC) and Radical Scavenging Activity (RSA)
The extracts were obtained according to the following process: four asymptomatic seedlings were collected from each of the trays 30 days after the sowing date, including control (i) and inoculated treatments (vii) to (xii). These seedlings were dried (40 °C, 7 days) and grinded. Then, 20 µg of each sample in powder form was added to 2 mL of methanol (70%, vol.) acidified with a few drops of HCl (1 M). The mixture (methanol and sample) was kept in shaking condition for 2 h and filtered to get the extracts [27] that were used in both analyses (TPC and RSA).
The TPC was evaluated with a modified Folin-Ciocalteu procedure [46] : firstly, 100 µL of the sample methanolic extract was mixed with 450 µL of distilled water and 50 µL of Folin-Ciocalteu reagent. After 10 min, 400 µL of Na2CO3 was added and the samples were kept in dark for 90 min. The absorbance was measured at 765 nm using a Thermo Scientific Multiscan Go Microplate Spectrophotometer (Waltham, MA, USA). A calibration curve was prepared with standard gallic acid (y = 0.0407x − 0.0595; r 2 = 0.99) and used to express the results as gallic acid equivalents (GAE, in mg of gallic acid per mL of extract). 
Pathogenicity Tests
Following the procedure presented in Martín-García et al. [41] , a spore suspension of F. circinatum (Fc) was cultured on potato dextrose broth (PDB). Five mycelial agar plugs (5 mm in diameter) were added to 1 L of PDB and were placed on an orbital shaker at 180 cycles for 24 h at 25 • C. After that, the liquid medium was filtered twice through sterile cheesecloth to remove hyphae and the spore concentration was adjusted to 1 × 10 3 spores·mL −1 with a Neubauer hemocytometer.
Seventy seeds per each type of coating (plus 70 without coating) and per pine species were individually sown in germination trays (96 mL) containing a twice-autoclaved (105 kPa, 120 • C, 30 min) mixture of peat and vermiculite (1:1, v/v). For half of the seeds with each type of coating, the spore suspension of F. circinatum was added to the substrate when the seeds were sown. The other half of the seeds were mock-inoculated with sterile distilled water. Thus, the experimental design consisted of twelve treatments:
Incubation of the germination trays was conducted in a growth chamber under controlled conditions (temperature: 21.5 • C; photoperiod: 16/8 h light/dark). They were watered every two days, with equal water doses, all over the period of study. Seed germination and subsequent seedling mortality were monitored on a daily basis.
Determination of Total Phenolic Content (TPC) and Radical Scavenging Activity (RSA)
The extracts were obtained according to the following process: four asymptomatic seedlings were collected from each of the trays 30 days after the sowing date, including control (i) and inoculated treatments (vii) to (xii). These seedlings were dried (40 • C, 7 days) and grinded. Then, 20 µg of each sample in powder form was added to 2 mL of methanol (70%, vol.) acidified with a few drops of HCl (1 M). The mixture (methanol and sample) was kept in shaking condition for 2 h and filtered to get the extracts [27] that were used in both analyses (TPC and RSA).
The TPC was evaluated with a modified Folin-Ciocalteu procedure [46] : firstly, 100 µL of the sample methanolic extract was mixed with 450 µL of distilled water and 50 µL of Folin-Ciocalteu reagent. After 10 min, 400 µL of Na 2 CO 3 was added and the samples were kept in dark for 90 min. The absorbance was measured at 765 nm using a Thermo Scientific Multiscan Go Microplate Spectrophotometer (Waltham, MA, USA). A calibration curve was prepared with standard gallic acid (y = 0.0407x − 0.0595; r 2 = 0.99) and used to express the results as gallic acid equivalents (GAE, in mg of gallic acid per mL of extract). The RSA was determined by the 2,2-diphenyl-picrylhydrazyl (DPPH) method, according to the procedure described by Chiang et al. [47] , with some modifications. Briefly, 50 µL DPPH radical solution (1 × 10 −4 M) was added to 450 µL of the sample methanolic extract, and the reaction mixtures were kept at room temperature for 30 min. Absorbance was recorded at 517 nm. The radical scavenging activity was expressed as a percentage (RSA%) relative to the control, using the following equation:
where A blank is the absorbance of the blank (distilled water) and A sample is the absorbance of the sample extracts.
Statistical Analyses
All analyses were performed using R software environment (R Foundation for Statistical Computing, Vienna, Austria). Chi-square tests (χ 2 ) were carried out using the mock-inoculated treatments-(i) to (vi)-to test the effect of the coatings on germinative capacity. Likewise, chi-square tests (χ 2 ) were carried out using the control (i) and inoculated treatments-(vii) to (xii)-to test the protective effect of seed coatings on the pre-emergence mortality caused by F. circinatum. To prevent overestimation of statistical significance for small data, Yates' correction for continuity was applied for counts smaller than 5. To test the post-emergence mortality up to the end of the experiment (when no seedling from Fc treatment (vii) was alive, 40 and 30 days after sowing for P. sylvestris and P. radiata, respectively; in the case of P. radiata, the last four living seedlings were removed to carry out the TPC and RSA analyses), a survival analysis based on the Kaplan-Meier non-parametric estimator [48] was carried out using "Survival" package [49] . "Sirvfit" and "Survdiff" functions, also available in the same package, were used to create survival curves and to analyze the differences between the curves, respectively. Analyses of variance (ANOVAs) and Tukey's HSD (honestly significant difference) post-hoc test were carried out to assess the effect on TPC and RSA of seedling from control (i) and inoculated with F. circinatum treatments-(vii) to (xii)-as a function of the seed coatings at 30 days after sowing. These analyses were only performed in the pine species (P. sylvestris) in which changes on mortality rates as a result of seed coating were demonstrated in the previous step. All analyses were performed using R software environment (R Foundation for Statistical Computing, Vienna, Austria).
Results
Germination Test
Data on the germination percentage (GP) for each of the species and coatings is shown in Figure 2 . The highest GP (85.7%) for P. sylvestris was attained for the control and PEE treatments. The use of chitosan, either individually or in combination with PEE, did not enhance the GP. In fact, CM MW and CM MW -PEE treatments led to lower GP values (60% and 62.9%, respectively) than that of the control treatment (Figure 2a ). In the case of P. radiata seeds, the use of chitosan and propolis did not enhance the GP either, and the binary CL MW -PEE composite decreased the GP vs. the control treatment (Figure 2b) . No significant differences in terms of GP were found between Monterey pine and Scots pine (χ 2 = 1.43, p = 0.23). 
Pathogenicity Test
Inoculations with F. circinatum did not cause pre-emergence mortality for either P. sylvestris (χ 2 = 0.85, p = 0.36) or for P. radiata (χ 2 = 0.85, p = 0.36). Nonetheless, survival analyses demonstrated significant differences in post-emergence mortality among treatments in P. sylvestris (χ 2 = 49.7, p < 0.001). No seedlings of the Fc treatment survived beyond 40 days after inoculation (dai), whereas no mortality was recorded in the control seedlings. All coating treatments improved the survival of P. sylvestris inoculated seedlings, resulting in survival rates of over 50% for the CMMW-Fc, CLMW-Fc, and CMMW-PEE-Fc treatments. Chitosan-only treatments (CLMW-Fc and CMMW-Fc) showed similar protection efficacies as PEE-Fc (χ 2 = 1.4, p = 0.23; and χ 2 = 1.3, p = 0.26, respectively). However, in the CMMW-PEE-Fc and CLMW-PEE-Fc binary composites, the addition of PEE did not improve the survival rate in comparison to CMMW-Fc and CLMW-Fc (χ 2 < 0.001, p = 0.88; and χ 2 = 3.2, p = 0.07, respectively) (Figure 3a) .
Mortality of inoculated P. radiata seedlings was faster than that of P. sylvestris seedlings. In fact, just four seedlings from the non-coated seeds inoculated with F. circinatum survived until 30 dai. Significant differences in post-emergence mortality were found between control treatment and inoculated seedlings, regardless of the coating treatment (χ 2 = 67.7, p < 0.001). However, none of the coating treatments was able to significantly improve the survival of the inoculated seedlings, neither the individual components CMMW-Fc, CLMW-Fc, and PEE-Fc (χ 2 = 1.7, p = 0.19; χ 2 = 0.2, p = 0.64; and χ 2 Figure 2 . Germination percentage (GP) of (a) P. sylvestris and (b) P. radiata seeds coated with medium and low molecular weight chitosan (CM MW and CL MW , respectively) and/or with propolis ethanolic extract (PEE) at 40 and 30 days after sowing, respectively. Averages with the same letter were not significantly different according to the Chi-square test (χ 2 ) (α ≤ 0.05).
Inoculations with F. circinatum did not cause pre-emergence mortality for either P. sylvestris (χ 2 = 0.85, p = 0.36) or for P. radiata (χ 2 = 0.85, p = 0.36). Nonetheless, survival analyses demonstrated significant differences in post-emergence mortality among treatments in P. sylvestris (χ 2 = 49.7, p < 0.001). No seedlings of the Fc treatment survived beyond 40 days after inoculation (dai), whereas no mortality was recorded in the control seedlings. All coating treatments improved the survival of P. sylvestris inoculated seedlings, resulting in survival rates of over 50% for the CM MW -Fc, CL MW -Fc, and CM MW -PEE-Fc treatments. Chitosan-only treatments (CL MW -Fc and CM MW -Fc) showed similar protection efficacies as PEE-Fc (χ 2 = 1.4, p = 0.23; and χ 2 = 1.3, p = 0.26, respectively). However, in the CM MW -PEE-Fc and CL MW -PEE-Fc binary composites, the addition of PEE did not improve the survival rate in comparison to CM MW -Fc and CL MW -Fc (χ 2 < 0.001, p = 0.88; and χ 2 = 3.2, p = 0.07, respectively) ( Figure 3a) .
Mortality of inoculated P. radiata seedlings was faster than that of P. sylvestris seedlings. In fact, just four seedlings from the non-coated seeds inoculated with F. circinatum survived until 30 dai. Significant differences in post-emergence mortality were found between control treatment and inoculated seedlings, regardless of the coating treatment (χ 2 = 67.7, p < 0.001). However, none of the coating treatments was able to significantly improve the survival of the inoculated seedlings, neither the individual components CM MW Plot of survival probability, determined using the Kaplan-Meier estimate of the survival function, for (a) P. sylvestris and (b) P. radiata seedlings inoculated with Fusarium circinatum (Fc) as a function of the seed coating treatments. CMMW and CLMW stand for medium and low molecular weight chitosan, respectively, PEE stands for propolis ethanolic extract. No mortality was registered for mock-inoculated and coating treatments (i.e., (ii) to (vi)). These curves were not shown to avoid multi-overlaps with the curve of the control treatment. Averages with the same letter were not significantly different according to the Kaplan-Meier estimator (α ≤ 0.05).
Total Phenolic Content and Radical Scavenging Activity
The TPC varied significantly in P. sylvestris seedlings as a function of the coating treatment (F = 4.99, p < 0.01). The mean TPC of the control treatment was 6.8 mg·mL −1 of GAE, which was significantly higher than the value obtained in the Fc treatment (2.7 mg·mL −1 ), evidencing a significant TPC reduction caused by the pathogen (Figure 4a) . TPC values did not change in inoculated-coated seeds in comparison to the control treatment, with the exception of the CMMW-Fc treatment. In particular, the CLMW-Fc treatment led to a TPC value comparable to that of the control treatment. Figure 3 . Plot of survival probability, determined using the Kaplan-Meier estimate of the survival function, for (a) P. sylvestris and (b) P. radiata seedlings inoculated with Fusarium circinatum (Fc) as a function of the seed coating treatments. CM MW and CL MW stand for medium and low molecular weight chitosan, respectively, PEE stands for propolis ethanolic extract. No mortality was registered for mock-inoculated and coating treatments (i.e., (ii) to (vi)). These curves were not shown to avoid multi-overlaps with the curve of the control treatment. Averages with the same letter were not significantly different according to the Kaplan-Meier estimator (α ≤ 0.05).
The TPC varied significantly in P. sylvestris seedlings as a function of the coating treatment (F = 4.99, p < 0.01). The mean TPC of the control treatment was 6.8 mg·mL −1 of GAE, which was significantly higher than the value obtained in the Fc treatment (2.7 mg·mL −1 ), evidencing a significant TPC reduction caused by the pathogen (Figure 4a) . TPC values did not change in inoculated-coated seeds in comparison to the control treatment, with the exception of the CM MW -Fc treatment. In particular, the CL MW -Fc treatment led to a TPC value comparable to that of the control treatment.
The negative effect caused by the pathogen was also evidenced in the low antioxidant capacity of inoculated seedlings in comparison to the high antioxidant activity shown by the control treatment (83.5%). This RSA value was just preserved by the CLMW-Fc and PEE-Fc treatments, which did not vary significantly in comparison with the control treatment (Figure 4b) . However, CMMW and the binary composites did not succeed in reverting the aforementioned negative effect exerted by the pathogen. 
Discussion
At least 60 species of Pinus along with Pseudotsuga menziesii (Mirb.) Franco are known to be susceptible to PPC. Amongst them, P. radiata is recognized as the most susceptible [3] , while P. sylvestris has also been reported to present a high susceptibility [41, 43, [50] [51] [52] [53] . In this study, seed coatings based on chitosan-with two different molecular weights-and propolis were applied in order to test if these bioactive products were able to confer resistance against F. circinatum in the two species mentioned above. The negative effect caused by the pathogen was also evidenced in the low antioxidant capacity of inoculated seedlings in comparison to the high antioxidant activity shown by the control treatment (83.5%). This RSA value was just preserved by the CL MW -Fc and PEE-Fc treatments, which did not vary significantly in comparison with the control treatment (Figure 4b ). However, CM MW and the binary composites did not succeed in reverting the aforementioned negative effect exerted by the pathogen.
At least 60 species of Pinus along with Pseudotsuga menziesii (Mirb.) Franco are known to be susceptible to PPC. Amongst them, P. radiata is recognized as the most susceptible [3] , while P. sylvestris has also been reported to present a high susceptibility [41, 43, [50] [51] [52] [53] . In this study, seed coatings based on chitosan-with two different molecular weights-and propolis were applied in order to test if these bioactive products were able to confer resistance against F. circinatum in the two species mentioned above.
It is well-known that chitosan application on seeds is beneficial in order to enhance the germination rate and/or yield in many agricultural crops, such as maize [54] , wheat [6] , soybean [55] , canola [10] , artichoke [35] , or ajowan [56] . However, the application of chitosan and propolis did not enhance the germination rates in the present study. In fact, germination decreased with CM MW and CM MW -PEE in P. sylvestris and with CL MW -PEE in P. radiata seeds. This discrepancy may actually be due to the type of species/provenance, since a previous study on P. sylvestris seeds treated with a commercial chitosan product did not result in an increase in seedling emergence percentage either [57] . Likewise, in an in vitro test on orchid Dendrobium bigibbum seeds with low viability (32.6%) that were treated with high and low MW chitosan, an improvement in seed germination with respect to the control did not occur either. There were no significant differences between polymers and oligomers of chitosan [23] . Differences among studies may also be ascribed to the coating process used, the type and concentration of chitosan [57] , and the inoculum dose [16] . It should also be taken into consideration that, although chitosan's excellent filmogenic properties are well-established (it forms a semipermeable film on the seed surface which can maintain the seed humidity and absorb moisture from the soil [55] ), the exact mechanism through which chitosan promotes germination is still unknown.
No pre-emergence mortality was observed in either P. sylvestris or in P. radiata seedlings as a result of F. circinatum inoculation. Conversely, Martínez-Álvarez et al. [43] reported lower emergence rates of both P. sylvestris and P. radiata when their substrate was inoculated with F. circinatum in comparison with controls. Differences on pre-emergence rates of seeds placed in infested substrates have been previously related to the genetic effect of pines [40] . However, in this case, the discrepancy may be due to the inoculum dose, since Martínez-Álvarez et al. [43] tested Scots pine seeds with the same provenance and F. circinatum isolate, but the inoculum dose was 1 × 10 6 spores·mL −1 instead of 1 × 10 3 spores·mL −1 applied in the present study. Thus, a higher inoculum dose may speed up the infection process, killing the germlings even before emergence.
Inoculations with F. circinatum caused post-emergence mortality in both P. sylvestris and P. radiata, which concurs with the results obtained by Martínez-Álvarez et al. [43] . Post-emergence mortality was reduced as a result of seed coating only in P. sylvestris, the species which featured a slightly lower susceptibility to F. circinatum, as noted above. Survival rates higher than 50% were found for seeds coated with chitosan (both CM MW and CL MW ) at 40 dai, whereas all inoculated non-coated seedlings (Fc treatment) died. Although several studies have demonstrated that low molecular weight chitosan is more effective at inducing a set of defense responses and antifungal protection than higher molecular weight chitosan in crops [30, 32] , no significant differences as a function of the molecular weight were found in this study. This inconsistency could be due to the plant material, since conifers seem to show a different pattern: for instance, Fitza et al. [15] , who evaluated chitin and chitosan as inducers of resistance to F. circinatum in P. patula seedlings, found that chitin-with higher molecular weight than chitosan-resulted in a higher percentage of healthy stems for lesion lengths caused by the artificial inoculation of the fungus. The survival rate also increased with propolis application. This antifungal effect of seed coatings based on propolis extracts has been already demonstrated for the postharvest treatment of papaya [45] and chilli [58] during storage. In vitro experiments demonstrated that the binary combination of chitosan and propolis was an efficient combination to deal with F. circinatum [14] , Diplodia seriata [37] , and Hemileia vastatrix [59] . Likewise, this binary combination has also been successfully used for the protection of food packaging materials [60, 61] and against foodborne pathogens [36] . Nevertheless, in this study, the binary combinations did not improve the post-emergence mortality vs. the individual application of chitosan or propolis. It may be possible that the activity of propolis had been reduced due to the degradation of the extracts along the assay and that constant irrigation had washed the PEE coating. On the other hand, seed coatings based on chitosan and/or propolis failed to protect the P. radiata seedlings against F. circinatum. This seems to point out that the quick progression of the infection in this species (the most susceptible species to PPC [3] ) may mean that the activation of induced resistances takes place too late.
In order to determine the influence of chitosan and propolis coatings on the host response mechanisms against the pathogen, TPC and RSA were measured on the seedlings at 30 dai. A decline in TPC and RSA was observed in the Scots pine seedlings infected by F. circinatum, which is consistent with the results obtained in P. halepensis seedlings inoculated with Gremmeniella abietina [27] . However, such an effect was not observed when the seeds were coated, except for the CM MW treatment. This suggests that CL MW and, to a lesser extent, PEE and the binary combinations would prevent phenolic compounds from decreasing when seedlings are infected by F. circinatum. Similarly, coatings based on chitosan showed an increase in TPC on tomato fruit infected by Botrytis cinerea and Penicillium expansum [62, 63] . Although it is well known that phenolic content is an indicator of the activation of defense mechanisms in plants [28] , there are other frequent responses that include increase of peroxidase, glucanase, and chitinase activity; higher lignin production; existence of toxic proteins and inhibitors of enzymes; among others [24] . Actually, chitosan has been reported as an elicitor of plants, with capacity to promote the production of phenolic compounds (e.g., the induction of phenylalanine ammonia-lyase) [23] . However, it has also been shown that chitosan affects many other plant responses, increasing the production of hydrogen peroxide, the activities of chitinase, the transcription of defense-related genes β-1,3-glucanase and chitinase, and the accumulation of pathogen-related protein (PR1) [30] .
On the other hand, the antioxidant capacity of chitosan and its oligomers has been well-studied [44, 64] , as well as that of propolis [65] , which is well-known in traditional medicine. This capacity to scavenge free radicals is related to the antimicrobial activity; for instance, anthocyanins are commonly induced under stress conditions and upon infection by pathogens in plants [66] . In this work, it was found that chitosan oligomers and propolis maintained the level of antioxidants in Scots pine seedlings under pathogen presence. Other works also found a high level of inhibition of free radicals in fruit exposed to fungus attack [26, 34] .
Future experiments should be carried out to elucidate the response mechanism that chitosan and propolis activate as seed protectors in the resistance to F. circinatum in pines, and to assess the effectiveness of these coatings in combination with other environmentally friendly methods used for seed protection, such as biological control agents (e.g., Trichoderma spp.) [40, 67] and heat water treatments [68] [69] [70] . Other factors, such as the genetic resistance of plant material, including maternal effects and morphological traits of seeds, could also be studied [71, 72] .
Conclusions
The study presented herein demonstrated that the application of bioactive coatings based on chitosan and propolis could be helpful for protecting certain Pinus species' seeds against F. circinatum. In spite of the fact that their efficacy against pine pitch canker was limited in the case of P. radiata, which is recognized as the most susceptible species to this pathogen, the coatings significantly reduced the post-emergence mortality of P. sylvestris seedlings, resulting in survival rates higher than 50%, while all inoculated non-coated seedlings died at the end of the experiment. Seed coatings also had a positive influence on total phenolic content, leading to similar values to those found in non-inoculated seeds, and helped preserve the seedlings' radical scavenging activity. No significant differences in the germination percentages were observed. Among the various coating treatments proposed, the one based on low-molecular weight chitosan led to the best results, suggesting that more complex formulations including propolis would not be needed, and that medium molecular weight chitosan-despite its higher viscosity-would not be the preferred option. Notwithstanding these promising findings, further studies are needed to confirm the effectiveness of the seed coatings against F. circinatum in a wide range of environmental conditions (not only on sterilized substrate), their long-term persistence, and their potential use in combination with other environmentally friendly approaches.
